The causes of surf zone morphologic changes observed along a sandy beach onshore of a submarine canyon were investigated using field observations and a numerical model (Delft3D/SWAN). Numerically simulated morphologic changes using four different sediment transport formulae reproduce the temporal and spatial patterns of net cross-shore integrated (between 0 and 6.5 m water depths) accretion and erosion observed in a 300 m alongshore region, a few hundred meters from the canyon head. The observations and simulations indicate that the accretion or erosion results from converging or diverging alongshore currents driven primarily by breaking waves and alongshore pressure gradients. The location of convergence or divergence depends on the direction of the offshore waves that refract over the canyon, suggesting that bathymetric features on the inner shelf can have first-order effects on short-term nearshore morphologic change.
Introduction
Changes in sandy beach morphology most often are attributed to seasonal fluctuations in incident wave height, as well as individual, or sequences of storms [Sonu and VanBeek, 1971; Aubrey, 1979; Aubrey et al., 1980; Lee et al., 1998; Dail et al., 2000] . Sand is transported offshore during large waves and stored in a sandbar, with subsequent onshore sandbar movement during moderate wave conditions [Thornton et al., 1996; Gallagher et al., 1998; Hoefel and Elgar, 2003; Henderson et al., 2004] . Alongshore variability in the observed evolution of nearshore morphology has been attributed to several factors, including antecedent beach morphology [Yates et al., 2009] , underlying geology [McNinch, 2004] , and alongshore variations in cross-shore transport [Harley et al., 2011] . Alongshore-variable waves and currents resulting from offshore bathymetric features, such as a dredge borrow pit [Benedet and List, 2008] , submarine canyon [Apotsos et al., 2008] , or ebb-tidal delta [Shi et al., 2011; Hansen et al., 2013] also may cause alongshore-variable bathymetric changes [Bender and Dean, 2003] .
The La Jolla and Scripps submarine canyons near La Jolla, CA (Figure 1a ) extend onshore to about 10 m water depth, and affect the incident wave field [Magne et al., 2007; Thomson et al., 2007] and the surf zone circulation [Long and € Ozkan-Haller, 2005; Apotsos et al., 2008; Hansen et al., 2015; Long and € Ozkan-Haller, 2016] . In particular, refraction of incident waves over the submarine canyon introduces large alongshore gradients in the wave field (up to a factor of four difference in wave height over 450 m [Apotsos et al., 2008] ), which leads to alongshore-variable forcing. Numerical simulations onshore of Scripps Canyon ( Figure  1) show that the surf zone wave and depth-averaged alongshore momentum balance primarily is between the sum of the pressure and radiation-stress gradients and the sum of the total acceleration and bottom stress [Hansen et al., 2015] . The alongshore-variable forcing leads to alongshore currents that either converge or diverge between about alongshore coordinate y 5 1450 and 1750 m (Figure 1b ) [Long and € Ozkan-Haller, 2005; Apotsos et al., 2008; Hansen et al., 2015; Long and € Ozkan-Haller, 2016] . Here, observed alongshore-variable morphologic changes are linked to these converging or diverging alongshore currents.
Beach and nearshore morphology was surveyed from the bluff base to between 6 and 8 m depth every 25-50 m alongshore approximately weekly with a Differential Global Positioning System (DGPS) receiver mounted on an ATV or push dolly (on the subaerial beach) and with a DGPS, gyrometer, and single-beam echo-sounder mounted on a personal-watercraft [Lippmann and Smith, 2009] . Points from each survey were used to construct a triangulated-irregular-network surface elevation model that was interpolated onto a 2 3 2 m grid. Control points were not sampled before and after each survey. Thus, small offsets (less than 0.10 m, and typically about 0.05 m) were added or removed to all points in each gridded survey assuming sand was conserved within the survey region (zero net volume change). Resulting differences in elevation between successive grids were used to estimate the spatially varying sand volume changes. Outside the area covered by the weekly surveys, bathymetry and topography is from a U.S. Geological Survey Digital Elevation Model [Barnard and Hoover, 2010] and NOAA National Ocean Service surveys.
Topobathymetric surveys on 6 and 13 October show that a 1.5 m high ''wedge'' of accretion formed between alongshore distances y 5 1450 and 1750 m in 3 m (initial) depth ( Figure 3a ) during a period with 1.2 m high, 10 s waves from the WNW (Figure 2) . In contrast, surveys on 27 and 30 October suggest the wedge area eroded, and the sandbar moved onshore ( Figure 4a ) during a period with 0.6 m high, 17 s 
Numerical Model
Nearshore waves, circulation, and sediment transport were simulated from 6 to 13 October (accretion, Figure 3) and from 27 to 30 October (erosion, Figure 4 ) with the numerical model Delft3D [Lesser et al., 2004] coupled with the phase-averaged wave model SWAN [Booij et al., 1999] . Here, the circulation and wave models (described in Hansen et al. [2015] ) are combined with sediment transport and morphologic change calculations.
Coupled Wave and Circulation Model
Waves were simulated over several nested SWAN model domains, while water levels, currents, and sediment transport were simulated using two Delft3D flow domains. The largest wave domain extends offshore of the continental shelf [Gorrell et al., 2011; Hansen et al., 2015] , and stationary SWAN simulations are driven every 20 min with frequency-directional spectra estimated from wave buoy measurements (interpolated from the 30 min observations). Tidal boundary conditions for the two curvilinear shoreline-following hydrodynamic domains are provided using a combination of Neumann (depths < 5 m) and Riemann (depths > 5 m) boundary conditions from a larger ''tide'' model that is forced with satellite-derived, spatially variable astronomic tidal constituents (without surface gravity waves) [Hansen et al., 2015] . The SWAN wave energy output along the seaward boundaries of the hydrodynamic domains, and the SWAN-simulated mean direction and peak frequency at each cell, are used to drive the Delft3D roller module that solves the short-wave energy balance [Reniers and Battjes, 1997] . The Delft3D circulation model is run in depthaveraged mode (2DH) with a 1.5 s time step on the two domains, which are two-way coupled via domain decomposition and coupled with the wave model [Hansen et al., 2015] . The spatial resolution of the model domains is approximately 4 3 8 m in the cross and alongshore directions, respectively, near the shoreline, and decreases offshore to about 15 3 20 m for the flow model, and to 300 3 700 m for the coarsest wave domain [Hansen et al., 2015] . Surveyed bathymetry and topography were linearly interpolated onto the numerical domain grids. The total horizontal eddy viscosity in each grid cell is the sum of the background Journal of Geophysical Research: Oceans 10.1002/2016JC012319 horizontal eddy viscosity (0.5 m 2 /s) [Hansen et al., 2015] and a turbulent eddy viscosity based on the wave roller dissipation [Battjes, 1975] . A Chezy (C z ) roughness of 70 m 0.5 /s (equivalent to a drag coefficient, C d , of 0.002) is applied in both the cross and alongshore directions. Simulations of waves [Gorrell et al., 2011] and currents [Hansen et al., 2015 , which includes additional model details] have been compared with observations in this area (at the sensors in the red box in Figure 1 ).
Sediment Transport Formulae
The total sediment transport (the sum of bed and suspended load) is estimated using four different noncohesive transport formulae available within Delft3D, including a modified version of Van Rijn [1993] (the default in Delft3D), Bijker [1971] with transport owing to wave asymmetry following Bailard [1981] , Soulsby [1997] (Soulsby-Van Rijn method), and Van Rijn et al. [2004] . Although there are additional transport formulae available within Delft3D, the four formulations included here specifically include the effect of waves on sediment transport via parameterizations for increased sediment suspension due to the presence of waves, as well as transport due to wave nonlinearity. For a complete description of the formulations, see the original references, as well as the Delft3D Flow user manual (http://oss.deltares.nl/web/delft3d/manuals). The coefficients in the transport formulae were not tuned to match the observed morphologic changes, and no attempt was made to reproduce changes in the subaerial beach. Each formulation was used with default settings and coefficients (when available), or with coefficients based on previously published literature or technical reports, or on physical characteristics of the site (e.g., grain size) (Table 1) . Sediment in the model was specified as noncohesive sand with a median diameter (D50) of 0.22 mm, consistent with sand sampled at the study site (Table 1) .
Altering the coefficients and parameters within the overall model and within each formulation may change the magnitude of the simulated transport and resulting morphologic changes, but has a limited effect on the simulated alongshore transport patterns examined here. The coefficients specific to each transport formulae (Table 1) predominantly influence the amount of transport in the direction of wave propagation (which is near shore-normal within the surf zone) and thus impact, for example, the cross-shore evolution of sand bars. The bathymetric change within each grid cell at each computational step is calculated by computing the change in sediment mass resulting from sources, sinks (e.g., sediment suspension and deposition), and transport gradients. The change in mass is converted to an elevation change by using a dry bed density of 1600 kg/m 3 (Table 1) [Lesser et al., 2004] . Owing to feedback with the morphology, the wave and current fields are slightly different for each sediment transport formula
The surf zone cross-shore integrated (0-6.5 m depth) profile volume changes observed between 6 and 13 October and between 27 and 30 October are compared with the crossshore integrated profile volume changes from the four transport-formulae, and with the ensemble average of the four formulae.
Although the transport and morphologic change patterns simulated by the four transport formulae are similar for both periods, ensemble averaging reduces the sensitivity of the results to the settings of any one formula (Figures 3b and 4b) . (Figure 2 ). The numerical model, initialized with the bathymetry observed on 6 October, was run from 6 to 13 October using each transport formula. The 7 day ensembleaveraged velocity field indicates converging alongshore flows at y 1600 m (Figure 5a ), consistent with a visually observed rip-current [Long and € Ozkan-Haller, 2005] and with the location of the ''wedge'' (1450 < y < 1750 m, Figure 3a ). This converging flow pattern persisted throughout the 7 day period (with the magnitude fluctuating with the offshore wave height) and resulted from an alongshore-variable imbalance between the pressure-gradient forcing and the radiation-stress forcing ( Figure 6 ). Wave energy (and wave-driven setup) was maximum in the ''wedge region'' because waves that propagated over Scripps Canyon were refracted toward the north (approached the beach from the WSW) and interacted with waves from the WNW that did not propagate over the canyon. Thus, the radiation-stress forcing is toward the south (from WNW waves) north of the flow convergence and wedge area (1600 < y < 2000 m) and toward the north (from the refracted waves) south (1200 < y < 1500 m) of the flow convergence, whereas the alongshore pressure gradient exhibits the opposite trend ( Figure 6 ). The simulated profile volume changes from the four transport formulae and their ensemble-average indicate accretion in the same location as the observed wedge, but with a smaller magnitude than observed (1450 < y < 1750 m, Figures 3b and 3c ). Despite the differences in the magnitudes of the simulated and observed profile volume changes (which might be improved with model tuning), the alongshore pattern of the observed profile volume change is (Figure 3) . The net accretion of the cross-shore profile (Figures 3b and 3c ) resulted from the converging alongshore surf zone flows (Figure 5a ) and from net sediment delivery from both up and down coast to the area between y 5 1450 and 1750 m. The model results also suggest that the strongest alongshore flows (up to 0.8 m/s), transport, and convergence occurred in 1-2 m depth (Figure 5a) , and that an offshore-directed current (exceeding 0.5 m/s) may have carried sediment offshore to 3-5 m depth (based on the initial 6 October bathymetry) (Figure 3a ). Offshore H rms was greater than 0.8 m for 3.25 days during the wave event, and in the simulations the wedge area accreted continuously during the 7 days between surveys, with significant expansion in both the cross and alongshore directions surrounding the period of elevated waves on 10 October (Figure 2) .
Erosion Event 27 October 2003
Wave conditions between the 27 and 30 October surveys consisted primarily of 17 s SSW swell, with 0.5 < H rms < 0.8 m (Figure 2 ). Over the 3 day period, the bathymetry for 1450 < y < 1750 m eroded in >2 m depth and accreted between 1 and 2 m depths (Figure 4a ). The observations suggest onshore transport of some sediment, with net erosion of the subaqueous cross-shore profile between 0 and 6.5 m depths for 1450 < y < 1750 m (Figure 4b) . The ensemble-averaged simulated velocity field indicates alongshore flows diverged in this region (Figure 5b) , owing primarily to an imbalance between northerly directed radiationstress gradients (which dominate for 1600 < y < 1850 m) and southerly directed pressure gradients (which dominate for 1400 < y < 1650 m) [Apotsos et al., 2008 (observations) ; Hansen et al., 2015 (simulations) ]. The simulated northerly alongshore flows reached 0.5 m/s north of the divergence region, and maximum southerly flows were 0.2 m/s south of the divergence (Figure 5b) . The diverging alongshore currents resulted in onshore-directed mean flows in the wedge area (Figure 5b ) and net erosion of the cross-shore profile (Figure 4b) . Similar to the 6 to 13 October period, the model underestimates the magnitude of the profile volume change and, in this case, the alongshore extent (Figures 4b and 4c ). The observed elevation Figure 6 . (a) Simulated significant wave height (color, scale to left) and generalized Lagrangian mean velocity vectors (black arrows) averaged over the 24 h period encompassing the high wave event on 10 October (Figure 2) . The thin black curves are depth contours at 0, 5, and every 10 m from 10 to 100 m. Alongshore structure of cross-shore integrated (0-6.5 m depth) and 24 h averaged (b) total acceleration (Dv/Dt, sum of local acceleration and nonlinear advective terms, black) and bottom stress (red), (c) radiation-stress (black), and alongshore pressure (red) gradients, with gray shading indicating 61 standard deviation over the 24 h period, and (d) sum of the pressure and radiation-stress gradients. In Figure 6d , the color indicates which forcing term is larger (black is radiation-stress gradient > pressure gradient, red is pressure gradient > radiation-stress gradient).
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Discussion
Convergences and divergences of the alongshore flows at this site are owing primarily to refraction of waves propagating over the submarine canyon, resulting in alongshore-variable wave heights and wave directions outside the surf zone [Long and € Ozkan-Haller, 2005; Apotsos et al., 2008; Hansen et al., 2015; Long and € Ozkan-Haller, 2016] . When the offshore waves approach from the WSW to WNW (incident angles > 2208) alongshore flows converge between 1550 < y < 1650 m, whereas when offshore waves approach from the S to SW (incident angles < 2108), alongshore flows mostly diverge in this area (Figure 7a ) [see also Long and € Ozkan-Haller, 2016] . The differences in the flow fields (e.g., Figure 5 ) result in different morphologic responses. The observed offshore peak wave direction is correlated with the net cross-shore (0-6.5 m depth) profile volume change rate between surveys (R 2 5 0.71, p < 0.05) and with the simulated velocity divergence (R 2 5 0.62, p < 0.05, calculated from hydrodynamic only simulations), both averaged over 1550 < y < 1650 m (the center of the region that erodes or accretes, Figure 7a ). The cross-shore profile volume change rate is uncorrelated with wave height (R 2 5 0.11, p 5 0.32) and only weakly correlated with wave period (R 2 5 0.39, p < 0.05), which was weakly correlated with wave direction. Correspondingly, the observed net profile (1550 < y < 1650 m) volume change rate also is correlated (R 2 5 0.51, p < 0.05) with the simulated velocity divergence averaged over the same time and area (Figure 7b ). As the offshore peak wave direction increases above 2208, the flow convergence between y 5 1550 and 1650 m increases, resulting in increasing accretion. When the waves approach from 2208, there is relatively little velocity divergence and morphologic change, whereas during the period (averaged between surveys) with waves from 2008 (27-30 October), flows diverge and there is erosion.
To examine further the connection between offshore wave direction and erosion or accretion resulting from converging or diverging alongshore currents, morphologic evolution was simulated for two sets of idealized conditions. Specifically, the evolution over 72 h was simulated with each of the four transport formulae using 0.7 m H rms , 15 s peak period offshore waves (JONSWAP spectrum) with directions of either 2908 (WNW) or 2008 (SSW) and a directional spread of 258. Each simulation was initialized with the observed Figure 7 . (a) Observed cross (0-6.5 m depth) and alongshore (1550 < y < 1650 m) averaged profile volume change rate between successive surveys (left axis, circles, and solid grey regression line), and daily averaged, simulated velocity divergence (right axis, squares, and dashed black regression line, note reversed scale) versus the mean peak incident wave direction recorded between the surveys. (b) Observed cross-shore profile volume change rate versus simulated cross and alongshore-averaged velocity divergence (note reversed scale), averaged over the time period between surveys. In both Figures 7a and 7b , the red symbols are from 6 to 13 October, and the blue symbols are from 27 to 30 October. The red and blue circles in Figure 7a are from the same model runs as the red and blue circles in Figure 7b . Two additional surveys from September 2013 are included in Figure 7a that were not simulated, and thus are not in Figure 7b .
Journal of Geophysical Research: Oceans 10.1002/2016JC012319 6 October bathymetry and forced with realistic tides from 6 to 9 October. The results from the idealized simulations ( Figure 8 ) indicate that the alongshore patterns of profile volume change are linked to offshore wave direction, consistent with observations and simulations for 6-13 October (Figure 3c ) and 27-30 October (Figure 4c ), and are not strongly affected by the initial bathymetry. In particular, these simulations suggest the formation of the ''wedge'' after 6 October did not have a dominant effect on the flow divergence and erosion in the wedge area observed between 27 and 30 October. Offshore wave energy larger than observed may cause increased morphologic change, but will not change the sign of the currents.
Conclusions
Numerical simulations with a coupled Delft3D/SWAN model for waves, currents, and sediment transport were used to investigate observed surf zone morphologic evolution caused by alongshore-variable forcing and currents resulting from refraction of incident waves over a submarine canyon. The simulations indicate that flow convergences and divergences in a region a few hundred meters from the canyon head depend on the offshore wave direction. Alongshore flow convergence results in net accretion of the cross-shore profile, whereas alongshore flow divergence results in net erosion, consistent with observations. The observations and simulations suggest that bathymetric features on the inner shelf can have first-order effects on nearshore morphologic evolution that depends on the direction of offshore waves. 
